Introduction
The monitoring of residues of nitrofuran metabolites in the food chain has been a major focus in the international control of veterinary drug residues for several years.
Nitrofuran antibiotics were banned within the European Union (EU) (Commission Regulation 1995) due to concerns over their carcinogenicity and mutagenicity (Van Koten-Vermeulen et al. 1993 ) and should not be used in food-producing animals or be present in foods produced in, or imported into, the EU. However, improved liquid chromatography-tandem mass spectrometry (LC-MS/MS) confirmatory analytical methods developed under the EU funded research project FoodBRAND most commonly violative foodstuff (58 Alerts), the remaining food sources being fish (5), honey (4), poultry meat (3), bovine (1), porcine (1) and baby food (1). The majority of cases concern findings of semicarbazide (SEM, 48 Alerts), the remaining being 3-amino-2-oxazolidinone (AOZ, 22) and 3-amino-5-morpholinomethyl-2-oxazolidone (AMOZ, 3).
The nitrofuran antibiotics are unstable in vivo, breaking down in edible tissues within hours (McCracken et al. 1995) . However, they give rise to stable tissue-bound metabolites, which persist in muscle and liver for many weeks (Hoogenboom et al. 1991; Cooper et al. 2005b ). These metabolites, for example SEM which is the metabolite of nitrofurazone (NFZ), are the marker residues used to indicate the use of, or contamination with, their parent compounds in animal tissues. However, the validity of SEM as a unique marker residue for NFZ has been called into question following recent evidence that SEM in food may arise from sources other than from this illegal antibiotic. In 2003 SEM was detected in baby food (EFSA, 2003) . Subsequent investigations (Stadler et al., 2004) demonstrated that the SEM was a breakdown product of azodicarbonamide; the blowing agent used in the manufacture of plastic gaskets inside the jar lids. Azodicarbonamide is also a flour treatment agent used in the bread making process, which may account for SEM found in breaded chicken but not in the chicken meat (Kennedy et al., 2004; Pereira et al., 2004) . Carrageenan, a widely used thickening agent derived from red seaweed, has also been implicated in the production of SEM under certain conditions (Hoenicke et al., 2004) . Low levels of SEM, possibly of natural origin or a by-product of boiling, have also been observed in cooked crayfish samples (Saari and Peltonen 2004 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The current study aimed to assess the suitability of testing for nitrofuran parent compounds in eyes of broiler chickens by addressing the following objectives:
1. To demonstrate the depletion profile of nitrofuran metabolite residues in broiler eyes, muscle and liver tissues following drug withdrawal.
2. To demonstrate the presence of nitrofuran parent compounds in eyes of nitrofuran-medicated broiler chickens.
3. To demonstrate the depletion profile of the nitrofuran parent compounds in broiler eyes following drug withdrawal.
To determine if monitoring nitrofuran parent compounds in pooled broiler
eyes is comparable to monitoring their tissue-bound metabolites in muscle tissue.
Materials and methods

Materials and instrumentation
Internal standards D 4 -3-amino-2-oxazolidinone, D 5 -3-amino-5-morpholinomethyl-2- demonstrates that approximately 80% of total SEM residues in muscle of NFZ treated chickens is present in the form of tissue-bound residues. Therefore, when total muscle metabolite concentrations had fallen to approximately 1 to 3 µg kg -1 in the present study, 25 birds from each group were euthanised and muscle, liver and eyes were sampled. These groups of 25 birds provided 50 eyes that could be pooled for analysis of nitrofuran parent compounds. The remaining birds continued on the withdrawal rations and were euthanised (3 per group) and tissues sampled every 3 to 4 days. Tissue-bound nitrofuran metabolites were measured in 1 g samples of chicken muscle and liver essentially as described by Cooper et al. (2005b) . Briefly, samples were homogenised and extractable residues were removed by repeated washing in methanol, ethanol and diethyl ether. Tissue-bound metabolites were hydrolysed in mild acid and derivatised with 2-nitrobenzaldehyde before extraction into ethyl acetate. Sample preparation and LC-MS/MS analysis were as described by Cooper et al. (2005b) with the exceptions that a Columbus C18 HPLC column and an additional 13 C 3 -AHD internal standard were used. Highly concentrated samples were diluted as required for analysis.
Tissue analysis by LC-MS/MS
Total nitrofuran metabolites were measured in 1 g samples of chicken muscle as described by Cooper and Kennedy (2006) . This method omits the sample solvent prewashing steps and employs minor differences in reagent volumes compared to the tissue-bound metabolite method.
Total nitrofuran metabolites were measured in single whole chicken eyes as described by Cooper et al. (2005a) . Eyes were cut into four pieces and placed in FOODcon7 homogenisation units while still frozen in order to retain the vitreous humour. If allowed to defrost, the retina, which contains the vast majority of the ocular nitrofuran residues, partially disintegrates and is dispersed with the humour when the sclera is cut open.
Nitrofuran parent compounds were extracted from single whole chicken eyes essentially as described by Cooper et al. (2005a) . Sliced eyes were homogenised in FOODcon7 units with 5 ml water fortified with 10 ng per eye mixed internal standard and extracted into ethyl acetate, reconstituted in acetonitrile and washed with hexane.
Dried extract was finally reconstituted in 100 µl of methanol : water (50 : 50 v/v) and centrifuged at 13 000 rpm. LC-MS/MS conditions for the analysis of the four nitrofuran parent compounds were as described by McCracken and Kennedy (2006) .
Nitrofuran parent compounds were also analysed in pooled samples comprising 50 pooled eyes, homogenising 5 eyes in 6 ml water in each of 10 FOODcon7 units, fortifying with 1 ng per unit mixed internal standard. After transferring the contents to glass tubes and rinsing the units with 2 ml water, samples were extracted into ethyl acetate (9 + 7 ml) and reconstituted in acetonitrile (3 ml). The samples were washed with hexane (3 + 3 ml) before combining the ten acetonitrile extracts, evaporating to dryness and reconstituting the single combined extract (50 eyes) in 100 µl of methanol :
water (50 : 50 v/v) and centrifuging at 13 000 rpm. (Table I ) exhibited shorter half-lives than their corresponding tissue-bound metabolites (Figure 1 ), possibly due to the faster clearance rate of the "free" (solvent-extractable) residues portion compared with the tissue-bound residues.
Results and discussion
Nitrofuran metabolites in edible tissues
[Insert FIGURE 1 and FIGURE 2 about here]
Nitrofuran metabolites in broiler eyes
The recent controversy over sources of SEM in foods, other than through abuse of NFZ, led this laboratory to investigate eyes as a potential depot of nitrofuran residues.
We demonstrated that total nitrofuran metabolites were detectable at parts per million concentrations in retina of pigs fed therapeutic nitrofuran doses (Cooper and Kennedy 2005) . We then proceeded to show that NFZ-treated laying hens had similarly high concentrations of total SEM in whole eyeballs (Cooper et al. 2005a ) and that SEM was even detectable in a single eye when feeding a diet containing NFZ at only 0.03 mg kg -1 . Figure 3 shows that AOZ, AMOZ, AHD and SEM residues can be detected by LC-MS/MS in single eyes of broiler chickens fed sub-therapeutic nitrofuran doses.
The depletion half-lives of total metabolites in eyes are considerably longer (ranging 8.5 to 20.3 days) than the depletion half-lives for tissue-bound metabolites in muscle and liver (Figures 1 and 2) . As is the case with some other xenobiotic residues such as the β-agonist clenbuterol (Malucelli et al. 1994) , ocular tissue, specifically the retina, appears to be a metabolic "dead end" tissue where nitrofuran metabolites accumulate to diminishing the temptation to misuse these drugs. 
Nitrofuran parent compounds in broiler eyes
The major attraction of testing chicken eyes is their ability to retain the intact nitrofuran parent compounds in contrast to edible tissues in which the parent compounds are broken down inside a matter of hours (McCracken et al. 1995 , Cooper et al. 2005b ).
We previously demonstrated that NFZ was detectable in eyes of laying hens (Cooper et al. 2005a ). (Table II) may have been due to the fact that SEM has a long depletion half-life in muscle and therefore it was necessary to feed NFZ at a very low dietary level (1 mg kg -1 ) to achieve SEM muscle concentrations close to the MRPL within the confines of a short term study. NFZ was also the least sensitive of the nitrofuran parent compounds under LC-MS/MS ionisation. However, monitoring compliance with the prohibition on the use of NFZ in food-producing animals may still be feasible by measuring NFZ in the retina of larger food-producing animals (e.g. cattle and pigs).
[Insert in a single eye after 21 days withdrawal (Table II ; depletion half-life 3.4 days). The ability to detect FTD over such a period is due partly to FTD being the most sensitive of the nitrofuran parent compounds under the LC-MS/MS method described above. Twenty-five broilers from each group were euthanised after 8, 9 or 10 days withdrawal when it was estimated (based on real-time analysis of total metabolites) that tissuebound metabolite concentrations in muscle would be close to the 1 µg kg -1 MRPL. Table III shows that two groups were below (AHD 0.8 µg kg -1 , SEM 0.4 µg kg -1 ) and two groups above the MRPL (AOZ 1.4 µg kg -1 , AMOZ 1.6 µg kg -1 ) on these dates.
Processing and pooling 50 whole eyes into a single extract reconstituted in 100 µl of solvent proved to be easier than expected. Eyes were split across 10 groups of 5 eyes, each independently extracted and washed with hexane to remove the considerable orange oily fraction present in intact eyeballs, before combining to a single extract which could be dissolved in 100 µl of 50% methanol. Ultra-centrifugation further clarified the samples such that extracts of 50 eyes were of a similar clarity to extracts of a single eye and suitable for injection onto a HPLC column. However, greater ionisation suppression was evident during tandem MS analysis of extracts of 50 eyes compared to single eye samples (peak areas reduced by a factor of approximately 4).
Comprehensive validation of the LC-MS/MS method is hindered by the enormous
number of eyes required for the sample compositing process, however, the authors estimate that in a fortified sample of 50 broiler eyes, nitrofuran parent compounds can be detected down to approximately 4 ng NFZ, 2 ng NFT, 1 ng FZD and 0.2 ng FTD per pooled sample.
[Insert (Table II) . Pooled eyes were unavailable for testing for NFT. However, on the basis of the concentrations of NFT in single eyes (Table II) , it can be estmiated that NFT would have been detected in 50 pooled eyes at approximately 10 ng. Possibly the most significant result was the inability to detect NFZ in 50 pooled eyes after 8 days withdrawal of a 1 mg kg -1 NFZ diet. This can again be attributed primarily to the long depletion half-life of SEM in muscle (4.5 days) that results in levels of SEM close to the MRPL being detected in muscle even following withdrawal of a low contamination level diet. This was compounded by the poor sensitivity of NFZ under the applied LC-MS/MS conditions.
It may be possible that, if MS/MS sensitivity can be improved and samples analysed when SEM in muscle is closer to the 1 µg kg -1 MRPL rather than the 0.4 µg kg -1 in the current test samples, NFZ may be detectable in a 50 eyes pooled sample. However, a larger sample size may also be considered to improve test sensitivity. Given the scale of commercial broiler production facilities, obtaining 50 or 100 eyes from a chicken house (in which all birds receive the same feed and are therefore suitable for pooling into a single sample) would present little difficulty. However, it must be recognised that the testing of eyes for nitrofuran parent compounds is unlikely to replace the testing of edible tissues for nitrofuran metabolites as the routine method of nitrofuran residue monitoring. Imported poultry meat is rarely accompanied by the eyes from the This study has provided useful data on the depletion profiles and half-lives of the nitrofuran metabolites in broiler chicken muscle and liver. It has also demonstrated that higher concentrations of metabolites with longer half-lives are detectable through the analysis of whole eyes of broilers. This study, in conjunction with our previous work (Cooper et al., 2005a) , has now shown that all four major nitrofuran parent antibiotics, as opposed to their metabolites, are detectable in broiler eyes, with FTD, in particular, being detectable even after 3 weeks withdrawal of a contamination level diet. This was the first attempt to measure nitrofuran parent compounds in pooled samples of eyes from broilers whose muscles contained nitrofuran metabolites close to the EU MRPL.
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